ABSTRACT Amino acids are important to all animal life. Termites rely mainly on microorganisms to retrieve these nitrogen sources from their food. One naturally occurring amino acid, m-tyrosine, has been reported to be toxic to bacteria and weeds. Its direct effects on termite survival are unknown however. Both no-choice and choice bioassays using Þve different doses of m-tyrosine were conducted to determine the feeding response and survival of Formosan subterranean termites, Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae), in the laboratory. In no-choice tests, although all doses of m-tyrosine tested reduced Þlter paper consumption, only the highest dose tested (0.05 M) had signiÞcantly lower consumption compared with the control. This dose also caused signiÞcantly high termite mortality. In a Þve-choice bioassay, all doses of m-tyrosine tested reduced Þlter paper consumption signiÞcantly compared with the control. No mortality was observed in the choice tests, and very little feeding of Þlter paper treated with m-tyrosine occurred. From these experiments, we conclude that m-tyrosine is toxic to Formosan subterranean termites and acts as a feeding deterrent, and therefore, may be a promising wood preservative.
The Formosan subterranean termite, Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae), is a major pest in the southern United States and subtropical regions of the world. It attacks structural wood as well as living trees (Bess 1970 , Henderson 2001 . In Louisiana, especially in the New Orleans area, huge numbers of this pest are observed annually infesting living trees that can ultimately lead to their felling and death. The economic impacts caused by Formosan subterranean termites attacking houses, railroad tiles, electric poles, underground cables and living trees is alarmingly high Dunaway 1999, Henderson 2001) . Once a colony is established in an area, it soon invades nearby areas while searching for food and gradually spreads to new locations. Unlike native subterranean termites, Reticulitermes spp., C. formosanus has a large colony size and aggressive feeding behavior (Tamashiro et al. 1980 ). Different control practices have been used to save structural wood from this invasive pest. These control practices include chemical and physical barriers, termiticides, wood preservatives and baiting systems to eliminate the colonies from an area (Su et al. 1991b , Tamashiro et al. 1991 , Li et al. 1994 , Henderson 2001 . Research continues to focus on suitable control measures that are both effective and environmentally benign.
Tyrosine is one of 20 amino acids which cells use to synthesize proteins. It is a nonessential amino acid that is commonly found in animal proteins. There are three isomers of tyrosine: 1) common amino acid L-tyrosine (para-tyrosine, p-tyr, or 4-hydroxyphenylalanine), 2) meta-tyrosine (m-tyr or 3-hydroxyphenylalanine), and 3) ortho-tyrosine (otyr or 2-hydroxyphenylalanine) (Molnir et al. 2005) . m-Tyrosine and its analogs, which are rare in nature and more readily available synthetically, have applications in serious human diseases such as arthritis, AlzheimerÕs disease, and ParkinsonÕs disease (Humphrey et al. 2007) . m-Tyrosine is an aromatic amino acid analog having extremely low mammalian toxicity (oral rat LD 50 Ͼ 15,000 mg/kg body weight). Previous work on mtyrosine, although scanty, is related to its deleterious effects on some bacteria and weed species. Aronson and Wermus (1965) reported that the growth and sporulation of some bacterial strains were suppressed by m-tyrosine. Bertin et al. (2005) reported that naturally produced m-tyrosine from the root exudates of some fescue plants controlled nearby weed species; they considered m-tyrosine to be a "green strategy" herbicide to control weeds on lawns. Intrigue (Turf Merchants, Inc., Tangent, OR), for example, is the cultivar of a fescue plant that produces copious amount of m-tyrosine (Weston et al. 2007) . No study to determine the effects of m-tyrosine on termites has been conducted. 1) . It is a white powder and soluble in water. The treatment solutions were prepared by dissolving the m-tyrosine powder in distilled water and stirring with a glass rod. To prepare a 0.05 M m-tyrosine solution we dissolved 90.595 mg of m-tyrosine in 10 ml of water. Other tested concentrations of m-tyrosine solutions were prepared by diluting the stock solution of 0.05 M.
Materials and Methods

Preparation
No-Choice Bioassay. Formosan subterranean termites used in this bioassay were collected from the French Quarter, New Orleans, LA, on 7 February 2007 and maintained in a plastic trash can (50 cm in diameter by 100 cm in height) with moistened wooden blocks in the urban entomology laboratory of LSU AgCenter, Baton Rouge, LA. Termites were kept for about a month in the laboratory before they were used for the bioassay. Healthy and uniform looking termites were separated using moist brown paper towels. In brief, termites were extracted onto a plastic container. Moist paper towels were placed on the container so that noninjured and active termites immediately came onto the paper towels. Then the paper towels were gently shaken into another clean and dry plastic container. Both workers (externally undifferentiated larvae developed to at least the third instar) and soldiers were visually inspected for uniform size while counting and those looking smaller, injured, or both were rejected.
The experiment included Þve treatmentsÑm-tyrosine at 0.05, 0.01, 0.005, and 0.001 M and one control (distilled water)Ñand was conducted in six replications in a completely randomized design. In total, 30 petri dishes (100 mm in diameter by 15 mm in height; standard sterile polystyrene, Fisherbrand, Thermo Fisher ScientiÞc, Waltham, MA) were used. Twenty grams of sterilized sand (Þne beach sand) was mixed thoroughly with 2 ml of distilled water (10% moisture) and put in each petri dish. Dry Þlter papers (5.5 cm in diameter; Grade 1, Whatman, Whatman, Clifton, NJ) were weighed and treated with 270 l of treatment solutions. Discs of aluminum foil (EL Dorado Foil, Western Plastics, CA) sized to be slightly larger than the Þlter paper were placed in each petri dish on top of the moist sand, and treated Þlter paper was placed on the foil so that there was no direct contact of Þlter paper with the moist sand ( Fig. 2A) . In total, 22 termites (20 workers and two soldiers) were introduced into each petri dish containing treated Þlter paper and sealed with ParaÞlm (ParaÞlm M, Pechiney Plastic Packaging, Chicago, IL).
Preparation of Humidity Chamber to Maintain Relative Humidity. A polypropylene plastic container (32 by 25 by 10 cm; Imperial Industries Inc., Belleville, MI) having a well Þtted lid was thoroughly washed and dried. A 1-cm-thick layer of sterilized sand was put in the container. Distilled water was added to oversaturate the sand so as to have a thin Þlm of free water above the sand. Three plastic plates (18 by 8.5 by 1 cm) were placed on top of the sand and then the treatments (petri dishes) were placed on top of the plastic plates so that the wet sand or water was not in direct contact with them. The petri dishes were put one above another in six layers, and the humidity container was covered and placed in an undisturbed place in the laboratory at room temperature of 24 Ϯ 1ЊC. The humidity container was then covered with aluminum foil to block out the light.
Every 3 d (4 d for the seventh observation), the petri dishes were inspected visually for termite mortality, rate of Þlter paper consumption and aberrant behavior of termites (e.g., restlessness or sluggishness). Drawings were made to approximate the rate of Þlter paper consumption throughout the experiment. The positions of the petri dishes in the humidity chamber also were changed at each inspection to avoid any potential spatial bias of the petri dish positioning on termite replicates. After 22 d, the Þlter papers were taken out, cleaned of any debris with a Þne brush, and left to dry at room temperature for 3 d. The papers then were reweighed. The loss in weight of the Þlter paper was the estimation of the amount of Þlter paper consumed by the termites in 22 d. Live termites were counted to calculate the mortality.
Choice Bioassay. Two colonies of Formosan subterranean termites collected from Brechtel Park, New Orleans, on 8 May and 20 April 2007 were used for this experiment. Both of the colony groups were maintained in plastic trash cans (50 cm in diameter by 100 cm in height) with moistened wooden blocks in the urban entomology laboratory of LSU AgCenter. Both of the termite groups were kept for Ϸ1.5 mo in the laboratory before they were used for the bioassay. Healthy and uniform looking termites were separated as described in the no-choice test. In this bioassay, termites were exposed to Þve choices including four different doses of m-tyrosine (0.05, 0.025, 0.01, and 0.005 M) and one control (distilled water). The experiment was conducted in six replications per termite group. So, a total of 12 petri dishes (150 mm in diameter by 15 mm in height, standard sterile polystyrene, Fisherbrand) were used. Eighty grams of sterilized sand (Þne beach sand) was put in each petri dish, and the sand was moistened with 8 ml of distilled water. The sand was leveled evenly and a slight depression was made at the center to serve as the termite release point. Five preweighed dry Þlter papers (3 cm in diameter, Grade 1, Whatman) were placed on the periphery of each petri dish so that all the Þlter papers were equidistant from the center and also equidistant from adjacent Þlter papers (Fig. 2B) . The Þlter papers were treated with the Þve different treatments at the rate of 80 l of treatment solution in each Þlter paper. Then, 55 termites (50 workers and Þve soldiers) were introduced in the central release point in each petri dish. The petri dishes were covered with lids and sealed with ParaÞlm. The petri dishes were then placed in a humidity chamber as described above and kept in the same manner as was the no-choice bioassay. Observations and petri dish manipulation were the same as described in the no-choice test. This experiment lasted for 12 d.
Statistical Analysis. A generalized linear model (SAS 9.1 software, SAS Institute, Cary, NC) was used to analyze the data. A one-way analysis of variance was performed to determine whether treatment had any effect on the Þlter paper consumption. Means were compared using TukeyÕs honestly signiÞcant difference (HSD) procedure. All data were judged at ␣ ϭ 0.05.
Results
No-Choice Bioassay
Consumption. Mean food consumption was significantly different among the treatments (F ϭ 4.45; df ϭ 4, 25; P ϭ 0.0074). TukeyÕs HSD showed that the highest dose tested, 0.05 M m-tyrosine, signiÞcantly decreased Þlter paper consumption compared with distilled water control (Fig. 3) . Other doses of mtyrosine (0.01, 0.005, and 0.001 M) also decreased feeding but were not statistically different compared with the control.
Mortality/Survival. A signiÞcant difference in termite mortality was observed among treatments (F ϭ 43.26; df ϭ 4, 25; P Ͻ 0.0001). The highest dose tested, 0.05 M m-tyrosine, had signiÞcantly high mortality compared with a control (P Ͻ 0.0001). Termites started to die after 6 d. Although other doses of mtyrosine tested, especially 0.01 M m-tyrosine, also had deleterious effect on termites, the mortality was not signiÞcantly different compared with the control (P ϭ 0.0986) (Fig. 4) .
Other General Observations. At all doses of mtyrosine termites were observed to be less active in the petri dishes especially after 6 d, whereas those in the control petri dishes were active throughout the experimental period. As assessed from visual observation, the rate of Þlter paper consumption was also different in control and treated Þlter papers. Control Þlter paper was observed to be consumed more or less uniformly throughout the experiment, whereas treated Þlter paper consumption was relatively low especially in later days of the experimental period.
Multiple-Choice Bioassay
Consumption. The consumption of Þlter papers between the two colony groups tested were not significantly different from each other; therefore, the data were combined for analysis. There was a signiÞcant difference in food consumption among the treatments (F ϭ 31.09; df ϭ 4, 55; P Ͻ 0.0001). All of the doses of m-tyrosine signiÞcantly reduced Þlter paper consumption compared with a control. Moreover, there was a signiÞcant difference between different doses of m-tyrosine i.e., 0.05M and 0.025M m-tyrosine signiÞ-cantly lowered Þlter paper consumption compared with 0.005 M of m-tyrosine (P Ͻ 0.0031 and P Ͻ 0.0027, respectively) (Fig. 5) .
Mortality/Survival. No signiÞcant difference in termite mortality was observed in this test (P ϭ 0.7023).
Other General Observations. Termites were observed walking on all the Þlter papers regardless of whether it was m-tyrosine treated or not. At times, termites aggregated on one of the Þlter papers, but the Þlter paper consumption was not found to correspond to these observed aggregations.
Discussion
In the 1960s, m-tyrosine had been reported to have deleterious effects on certain strains of Bacillus subtilis and Escherichia coli (Aronson and Wermus 1965) . The harmful effects of m-tyrosine on Formosan subterranean termites observed in this experiment could be due to the deleterious effects of this chemical on the microorganisms present in the termite gut.
Nevertheless, the speedy death of the termites after consumption of m-tyrosineÐtreated Þlter papers suggests that m-tyrosine acts as a stomach poison. The higher amount of treated Þlter paper consumption in the no-choice test compared with the multiple-choice test indicated that C. formosanus were forced to feed on the less preferred and potentially harmful food to satiate themselves instead of starving. In this experiment, we also noticed the temporal differences in the rate of treated Þlter paper consumption, especially in the no-choice test, which may be due to the dying and less active termites that consumed m-tyrosine. The indiscriminate choice of Þlter papers to walk on and aggregate, as evident from the multiple-choice test, showed that m-tyrosine was not a repellent to C. formosanus but rather a feeding deterrent.
In nature, termite food sources are low in nitrogen and rich in cellulose (Brooks 1963) . Because termites feed on a nitrogen-poor diet, nitrogen Þxation by gut microorganisms, which live symbiotically in them, play a crucial role in this aspect (Ohkuma et al. 1999) . Amino acids are primary sources of nitrogen. Chen and Henderson (1996) tested 21 amino acids on Formosan subterranean termites and found that some of the amino acids, particularly D-aspartic acid, L-glutamic acid, L-proline, L-isoleucine, and L-lysine were feeding stimulants, whereas others were found to have no positive or negative effect. A preliminary study by G.H. et al. (unpublished data) , however, suggested that D-aspartic acid treated cardboard when fed continuously for Ͼ30 d had toxic effects on the Formosan subterranean termite. Cornelius (2003) , however, reported no differences on the consumption of Þlter paper treated with cholesterol or D-aspartic acid compared with control at any of the concentrations tested. The contradictory results in different experiments on the same chemical could be due to region speciÞc termite feeding behavior or due to differences in research protocol standards. Wood consumption by Zootermopsis, Kalotermes, and Reticulitermes spp. also was reported to be increased when a nitrogen source was added to the wood (Hungate 1941) . Neotermes bosei Snyder was found to be attracted to proline, aspartic acid, and methionine (Mishra 1992) .
The Þndings from this experiment suggest that mtyrosine can be a potential wood preservative against Formosan subterranean termites because it has both feeding deterrent and lethal effects on this pest. Use of wood preservatives to protect wood from termites and other wood-degrading agents has been practiced for centuries (Preston 2000) . The growing demands for protecting and efÞciently using available wood can be satisÞed only by a greater investment in protection technology. However, the protection technology must incorporate considerations of public safety as well as long-term environmental hazards caused by the disposal of treated wood after a certain period of service life (Preston 2000) .
Chromated copper arsenate (CCA) was the most commonly used wood preservative until the end of the last century (Lebow 1996) . However, because of the growing concern about the harmful effects of arsenic to human health and the environment this chemical is now banned in the United States for residential use (Hatlelid et al. 2004 , Nico et al. 2005 , Henderson 2008 ). Copper (Cu), chromium (Cr), and arsenic (As) are all listed as priority pollutants by the U.S. Environmental Protection Agency (Hingston et al. 1999) . Their toxicity to aquatic animals is very obvious when the heavy metals leach from the treated woods and reach to aquatic habitats (Hingston et al. 1999 ). In addition, CCA-treated woods have disposal problems. With the fall of CCA, ammonium copper quat (ACQ) has been a major substitute of CCA as a wood preservative. However, the elevated level of copper leached to aquatic environment from ACQ-treated wood also has been found to be toxic to a variety of aquatic fauna and ßora (Brooks 2001) . Borates (especially disodium octaborate tetrahydrate), as wood preservatives, are gaining popularity because of relatively low mammalian toxicity, water solubility, and ease of application. The water-soluble property of borates allows available moisture to aid in the penetration of difÞcult-to-treat wood species by diffusion (Highley et al. 1996, Byrne and Morris 1997) . Unfortunately, the same property makes borates unsuitable to use outdoors because boron compounds are easily leached out when used without any additional protection (Lloyd 1998, Peylo and Willeitner 1997) . Because environmental safety will be the major factor driving preservation chemistries in the future, any chemical having a low negative impact on the environment and high efÞcacy for the targeted pest can be developed as a potential wood preservative (Preston 2000) . In addition to its feeding deterrent and toxic effects on Formosan subterranean termites, m-tyrosine has a very low mammalian toxicity (oral rat LD 50 Ͼ 15,000 mg/kg body weight) as well as very low water solubility, all desirable characteristics for a good wood preservative. Currently, however, the cost of m-tyrosine application seems more expensive compared with other wood preservatives such as borates. But, if the product goes into commercial use in the future, its cost will be expected to reduce signiÞcantly making it economically feasible.
